This paper deals with vibration displacement prediction formulae based on energy balance for boiler structures. The boiler structure is a coupled structure, which consists of the boiler, its support structure and seismic ties installed between the boiler and the support structure. Vibration displacement prediction formulae based on energy balance originally developed by Akiyama, H. et al. were for non-coupled structures such as multi-story buildings with elasto-plastic dampers. The formula could predict the vibration displacements using energy spectra as earthquake inputs. However, the formulae was not applicable to the coupled structures such as the boiler structures. Considering 1st natural mode of the coupled structure enabled authors to develop the prediction formulae for the boiler structures. The formulae developed by authors were verified with time history analysis results using a lumped mass vibration model of the boiler structure.
Introduction
In recent years, a vibration displacement prediction method, independent of time history analysis, for multi-story building with elasto-plastic damper has been developed (1) .The method predicts the vibration displacement by spectral analysis using energy spectra as earthquake inputs and it has been evolved from aseismic design method based on energy balance originally suggested by Akiyama, H. et al. (2) . In the method (1) , vibration displacement prediction formulae for multi-story buildings with elasto-plastic dampers were developed. However, there was a problem that the formulae (1) was not applicable to the coupled structures such as boiler structures since the formulae were for non-coupled structure such as multi-story buildings. To solve the problem, considering 1st natural mode of the coupled structure enabled authors to develop the vibration displacement prediction formulae for the boiler structures as an example of coupled structures. The formulae developed by authors were verified with time history analysis results using a lumped mass vibration model of the boiler structure. Figure 1 shows a side view of a boiler structure. The boiler is suspended from the top of the support structure for unrestrained thermal expansion during the operation. In order to restrain horizontal movement during earthquake, they are connected at certain points by seismic ties. The seismic ties are important devices for aseismic design of a boiler structure, functioning to protect the boiler by energy dissipation due to inelastic deformation of the tie. Figure 2 shows a typical seismic tie (3) . The back stays shown in Fig.2 are attached to the boiler to transfer vibration of the boiler to the ties. The seismic ties are composed of steel bars called pins for energy absorption due to elast-plastic deformation and rigid steel bars called links. Both ends of the pins are hinged to the links. When a vibration load due to relative displacement between boiler and the support structure acts at the mid-point along the axis of the pin, vibration energy is absorbed by the elasto-plastic deformation of the bending of the pin. Figure 3 shows difference between boiler structure and building. The building in Fig.3 (a) has elasto-plastic dampers set in stories in the structure. This is a non-coupled structure unaffected by coupled vibration from other structure. On the other hand, boiler structure in Fig.3(b) is a coupled structure affected by coupled vibration among support structure, seismic tie and boiler. The vibration displacement prediction formulae (1) was not applicable to the coupled structures such as the boiler structures since the formulae were for non-coupled structures such as multi-story buildings. To solve the problem, considering 1st natural mode of the coupled structure enabled authors to develop the vibration displacement prediction formulae for the coupled structure.
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Methodology for formulation
First of all, symbols for the formulation are explained. E represents energy，E D is the input energy，E e is the elastic strain energy,E 1p is the plastic strain energy. m is the mass, Q is the load, Q u is the yield resistance, y and δ are displacements,δ u is the yield displacement,φ is the natural mode. f, b and d1, which are subscripts written to the left of the symbols, denote the support structure, the boiler and the seismic tie, respectively. i, which is a subscript written to the right of the symbols, indicating number of stories. Figure 4 shows a methodology for the formulation. The boiler structure is a structure composed of the mass and stiffness of the support structure, the seismic tie and the boiler as shown by the lumped-mass mode in the figure. As a result of formulation of one energy equilibrium equation (1) on each three substructures in story i, i.e., the support structure, the seismic tie and the boiler, no solution was obtained from the energy equilibrium equation since two unknowns ( displacements of the support structure f δ i and the boiler b δ i ) still remain in the equation. As a countermeasure to get the solution, to relate f δ i and b δ i simply to reduce the unknowns would make a problem that change the vibration characteristic of the boiler structure and exert a negative impact on prediction accuracy of the vibration displacements. To solve the problem, we reduced the two unknowns to one, giving relational expression of both displacements ( f δ i and b δ i ) using 1st natural mode( f φ i and b φ i ), which has 70% of the effective mass of the boiler structure (3) . It enabled authors to develop the vibration displacement prediction formulae for the boiler structures without changing the vibration characteristics of the boiler structures. 
Detail of formulation
Energy equilibrium equations of the support structure, boiler and seismic ties are made. Then the vibration displacement prediction formulae are developed. Figure 5 shows the elasto-plastic properties of boiler structure. 
Energy equilibrium equations
Relative Displacement Story Displacement Story Displacement
1)Energy in support structure
Earthquake input energy for the story i of the support structure f E Di is
where f m i is the mass of the story i of the support structure, Te is the effective period of the boiler structure, Sv(Te) is the velocity response spectrum. Elastic strain energy of the story i of the support structure f E ei is
where f δ i , f Q ui and f δ ui are the story displacement, the yield resistance and the story displacement corresponding to the yield resistance of the support structure, respectively.
2)Energy in boiler
Earthquake input energy for the story i of the boiler b E Di is
where b m i is the mass of the story i of the boiler. Elastic strain energy of the story i of the boiler b E ei is
where b δ i , b Q ui and b δ ui are the story displacement, the yield resistance and the story displacement corresponding to the yield resistance of the boiler, respectively.
3)Energy in seismic tie
Elastic strain energy of the story i of the seismic tie d1 E ei is
where d1 Q ui and d1 δ ui are the yield resistance and the deformation corresponding to the yield resistance of the seismic tie, respectively. Plastic strain energy of the story i of the seismic tie d1 E 1pi is
where d1 δ i is the relative displacement between connecting points of the support structure and boiler. d1 n 1 is the equivalent number of cycles of plastic amplitude ( d1 δ i -d1 δ ui ) of the seismic tie. Summation d1 E i of elastic energy d1 E ei and plastic energy d1 E 1pi is
4)Energy equilibrium equations
Energy equilibrium of the summation of the input energy f E Di,b E Di and the summation of the strain energies f E ei ( f δ i ), d1 
The Eq.(9) changes b δ i in Eq.(8) to an independent variable of f δ i and enables us to obtain the solution of the Eq.(8) reducing the the unknowns to only f δ i. B)To satisfy the above A) in all stories from the lowest to the highest story, an relational Eq. (9) of the displacements of upper story and lower story is given. Concretely, d1 δ i in Eq. (7) is calculated as follows.
where b ｙ i is the relative displacement of story i of the boiler to the ground, f ｙ i is the relative displacement of story i of the support structure to the ground and they are calculated as follows.
where the boiler displacement b y 0 and the support structure displacement f y 0 at the story 0,i.e., ground are zero.
Formulation of vibration displacement prediction formulae
To put the Eqs.(9)～(12) and (1)～(7) into the Eq.(8) makes a quadratic equation regarding f δ i described as Eq.(13). And the vibration displacement prediction equation stated as Eq. (14) is obtained as a solution of the Eq.(13).
where a,b,c are constants.
Verification of vibration displacement prediction formulae for boiler structures
Methodology for verification
Using the lumped-mass model to simulate the vibration characteristic of the boiler structure, accuracy of the vibration displacement predicted by the developed formulae to the displacement obtained by the time history analysis are verified. Figure 6 shows the vibration model, which is a numerical calculation model composed of mass and stiffness of the boiler structure and its natural period is 2s. The boiler and the support structure in Fig.6 are modeled as elastic bodies. The seismic ties in Fig.6 are modeled as elasto-plastic body shown in Fig.7 . Table 1 indicates the elasto-plastic properties of the seismic ties. Figure 8 shows three earthquake waves used for the verification. These are level 1 earthquake waves (Taft, Elcentro and Hachinohe) that give elastic response of the boiler and the support structure. Three verification cases were set corresponding to the three waves. Time history analyses were conducted to get the maximum vibration displacement among three earthquakes waves with 5% mass-proportional type Rayleigh damping using FEM software for steel frame MIDAS(Modeling, Integrated Design &Analysis Software) (4).
Vibration model for the verification
Verification cases
The vibration displacements were predicted by the developed prediction formulae using velocity spectra transformed from 5% damped acceleration spectra in Fig.9 corresponding to the three earthquake waves. d1 n 1, the equivalent number of cycles of plastic amplitude of the seismic ties in Eq.(6) was set as 1.5 considering our knowledge (3) regarding the aseismic studies of the boiler structure. Table 1 Elasto-plastic properties of seismic tie 
Verification results
Figures 10 to 12 show vibration displacements with time history analysis and the developed prediction formulae. Vertical axes in these figures indicate story number of the boiler structure shown in Fig.6 and horizontal axes denote the maximum relative displacements between ground and the boiler structure. Solid lines in the figures indicate the relative displacements of the support structure by time history analysis and dashed lines denote the relative displacements of the boiler by time history analysis. Symbol ○ indicates the predicted displacement by the developed formulae of the support structure while △ indicates the predicted value of the boiler. Figure 10 shows the maximum vibration displacement by the Taft wave. In the figure  (a) , the predicted displacement of the support structure (○ in the figure) fits the analyzed one(solid line in the figure) with a margin of error of maximum +9%.In the figure(b) , the predicted displacement of the boiler (△ in the figure) fits the analyzed one(dashed line in the figure) with a margin of error of maximum -4%.
The reason why the predicted displacements above fit the analyzed one is because the predicted displacements are calculated using the 1 st natural mode of the boiler structure possessing 70% of the effective mass of the boiler structure (3) explained in the section 3.1.
The phenomenon is seen not only in the displacement by Taft wave in Fig.10 but also in the displacements by Elcentro wave in Fig.11 and by Hachinohe wave in Fig.12 .
Hachinohe wave in Fig.12 is the most critical wave since it has the largest error, +13%, among the three verification waves. The error 13% by the developed displacement prediction formulae for the boiler structure (coupled structure) is equivalent to the one by the another formulae for the building (non-coupled structure) (1) . The equivalence verifies the validity of the developed formulae for the boiler structure. The verification result above is for the boiler structure whose 1 st natural mode has 70%
of the effective mass of the structure (3) . It is considered that prediction accuracy by the developed prediction formulae will be reduced for structure whose effective mass of 1 st natural mode is less than 70%. Quantification between the effective mass and the accuracy by the developed prediction formulae is a future subject. 
Conclusions
Vibration displacement prediction formulae for coupled structure based on energy balance were developed by applying the prediction formulae for non-coupled structure. Concretely, the vibration displacement prediction formulae were developed for a boiler structure as an example of a coupled structure and were verified using a lumped mass vibration model to simulate the vibration characteristic of the boiler structure. Results obtained through this study are as follows.
(1) To relate vibration displacements of support structure and boiler using 1st natural mode of the boiler structure, possessing 70% of the effective mass, enabled authors to develop the vibration prediction formulae for the boiler structure maintaining the vibration characteristic of the boiler structure. (2) Using the lumped-mass model to simulate the vibration characteristic of the boiler structure, accuracy of the vibration displacements predicted by the developed formulae to the displacement obtained by the time history analysis were verified. (3) Verification using three level 1 earthquake waves (Taft, Elcentro and Hachinohe), which simulated elastic response of the boiler and the support structure, gave 13% maximum error of vibration displacement by the prediction formulae to the one by the time history analysis. (4) The 13% maximum error by the developed displacement prediction formulae for the boiler structure (coupled structure) was equivalent to the one by the formulae for the building (non-coupled structure). The equivalence verified the validity of the developed formulae for the boiler structure. Journal of System Design and Dynamics
